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Viruses generally have one of two mechanisms for entry and uncoating. They can enter the cell either by endocytosis or
by direct fusion at the plasma membrane. We have established a novel mink lung (Mv-1) cell line that expresses a
dominant-interfering form of dynamin-1 (K44A) under the control of a tetracycline-responsive element and studied the early
events in influenza infection using these cells. We found that influenza virus binds equally to both induced and uninduced
cells, but in K44A-expressing cells, electron microscopy showed viruses trapped in deep coated pits and irregular-shaped
tubular structures that contain discrete coated regions. We also show by immunofluorescence and confocal microscopy that
entry of incoming virus into the nucleus is blocked in K44A-expressing cells. Virus replication was assayed by immunoflu-
orescence microscopy and was strongly inhibited at both early and late times postinfection in K44A-expressing cells. Virus
infectivity was inhibited by ;2 log units in cells expressing K44A dynamin when analyzed by influenza plaque assay. Overall
these data show that dynamin is required for efficient influenza virus entry, presumably due to its function in release of
vesicles from coated pits. © 2000 Academic Press
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Eukaryotic cells can internalize extracellular material
by a variety of mechanisms that are collectively termed
endocytosis. Internalization involves deformation of the
plasma membrane and entry by several different mech-
anisms, which include clathrin-dependent receptor-me-
diated endocytosis, clathrin-independent endocytosis,
formation of caveolae, macropinocytosis, and phagocy-
tosis (Mukhergee et al., 1997). Endocytosis is character-
ized by the formation of vesicles, which are either recy-
cled back to the plasma membrane or deliver their con-
tents to lysosomes for degradation (Mellman, 1996).
Uptake through endocytosis is an essential compo-
nent of the route of entry of many animal viruses (such as
influenza virus and Semliki Forest virus) into their host
cells, but other viruses (including herpesviruses and
many retroviruses) generally enter by direct fusion at the
plasma membrane (Marsh and Helenius, 1989). For
those viruses that enter by endocytosis, the route of entry
is generally believed to be via a clathrin-dependent
mechanism. However, the exact pathway of endocytosis
remains controversial in many cases, and other endo-
cytic pathways have been proposed (reviewed in Marsh
and Pelchen-Matthews, 1994).
The entry of influenza virus has been extensively stud-
ied with regard to binding, fusion and uncoating (Her-
nandez et al., 1996; Whittaker et al., 1996), but the mo-
lecular events that occur during the early phase of inter-
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17nalization still remain poorly characterized. Following
initial interaction of the virus hemagglutinin (HA) with its
sialic acid receptor, the virus is taken up by endocytosis.
Fusion of the virus envelope with the endosomal mem-
brane then occurs in a compartment having an equiva-
lent pH to the late endosome (Yoshimura and Ohnishi,
1984; Stegmann et al., 1987). Exposure of HA to low pH
is essential to trigger its fusion activity (White et al., 1982;
Skehel et al., 1995). Once released into the cytoplasm,
the virus uncoats following a low-pH triggered release of
the matrix protein, M1, and the genomic ribonucleopro-
teins (vRNPs) then rapidly enter the nucleus via nuclear
pore complexes (Martin and Helenius, 1991; Bui et al.,
1996).
Several studies of influenza virus transport from the
cell surface to the late endosome have involved a mor-
phological analysis by electron microscopy (Patterson et
al., 1979; Matlin et al., 1981; Yoshimura et al., 1982). Such
tudies showed that after 2–5 min of internalization,
any virions were visible in coated pits and coated
esicles, but that virions were also frequently seen in
mooth-surfaced invaginations and smooth-surfaced
esicles (Matlin et al., 1981). After 10 min the virus was
ound in large, smooth-surfaced vacuoles and multive-
icular bodies. Purely morphological investigations of
irus entry invariably suffer from the fact that the images
roduced are of a static nature and that a productive
irus infection cannot be followed. As an alternative,
ells can be treated with pharmacological agents such
s ammonium chloride or monensin, which raise of the
H of endosomes and effectively block the entry of pH-
ependent viruses such as influenza (Matlin et al., 1981;
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18 ROY ET AL.Marsh et al., 1982). More recently, the mechanisms of
ntry of adenovirus, alphavirus, poliovirus, and rhinovirus
ave been studied by blocking the activity of the cellular
rotein dynamin (DeTulleo and Kirchausen, 1998; Wang
t al., 1998).
Dynamin is a 100 kDa GTPase, which was first func-
tionally identified in a temperature-sensitive mutant of
Drosophila, called shibire (Kosaka and Ikeda, 1983). In
shibire flies, a block in synaptic vesicle endocytosis
causes paralysis upon shift to the restrictive temperature
(De Camilli et al., 1995). Dynamin was subsequently
ound to play an important role in clathrin-mediated en-
ocytosis (Schmid, 1997), so accounting for the shibire
efect. During endocytosis, dynamin is targeted to
oated pits on the inside face of the plasma membrane,
here GTP binding triggers the assembly of dynamin
nto spiral collars at the necks of the forming pits (Hin-
haw and Schmid, 1995). It is still unclear quite how
ynamin is involved in causing constriction of the neck
nd vesicle release (McNiven, 1998; Schmid et al., 1998;
ang and Cerione, 1999). The most accepted scenario is
hat GTP hydrolysis is used as a driving force that allows
ynamin to act directly and sever the neck of the vesicle,
cting either as a “pinchase” (Sweitzer and Hinshaw,
998) or a “poppase” (Stowell et al., 1999), with dynamin
cting as a nonclassical G protein. Alternatively, dy-
amin, like other GTPases, has been proposed to play a
egulatory role—such that in the GTP-bound form, it
ecruits downstream effector(s) that act as mechano-
hemical transducers for vesicle production (Sever et al.,
999). It is now known that there is a family of dynamin
roteins, and in mammals there are three closely related
soforms expressed in a tissue-specific manner (Urrutia
t al., 1997; Cao et al., 1998; van der Bliek, 1999).
In addition to its well-established role in clathrin-me-
diated endocytosis, dynamin is also important for several
other vesicular trafficking events (Kirchhausen, 1998).
Dynamin-2 has been shown to be important in budding
of vesicles from the trans-Golgi network (Jones et al.,
1998), although this effect of dynamin remains controver-
sial (Altschuler et al., 1998). Dynamin also functions in
orting of toxins from internal membrane compartments
Llorente et al., 1998), and both dynamin-1 and -2 are
nvolved in endocytosis from the plasma membrane by
lathrin-independent pathways, such as through caveo-
ae (Henley et al., 1998; Oh et al., 1998). Recent in vitro
ata also show that dynamin can deform membranes
ndependently of the presence of clathrin (Takei et al.,
998), also indicating a role for dynamin in a wide variety
f membrane trafficking events.
To define the early steps of influenza entry into cells
e have generated a mink lung cell line (Mv-1), which
xpresses a dominant-negative form of dynamin-1
K44A) under the control of a tetracycline-responsive
lement. We show that expression of K44A dynamin has
o effect on virus binding, but that instead of progressing
c
ehrough the normal endocytic pathway, viruses become
rrested in tubular invaginations of the plasma mem-
rane that contain distinct coated regions. Incoming
RNPs do not enter obvious endosome-like vesicles in
44A dynamin-expressing cells and do not transit to the
ucleus. Influenza uptake and replication appear to be
nhibited in a dose-dependent manner by expression of
44A dynamin. These experiments show the essential
ature of dynamin-dependent endocytosis for the early
vents of influenza virus entry.
RESULTS
xpression of K44A dynamin in Mv-1 mink lung cells
To monitor the expression of K44A dynamin, Mv-1
ells were induced for expression by withdrawal of
etracycline for 48 h or were left noninduced. K44A
ynamin expression was demonstrated by immunoflu-
rescence microscopy using the monoclonal 12CA5
pitope tag antibody (Fig. 1) or the Y11 polyclonal
ntibody (not shown) and by Western blot analysis (not
hown). Individual cells showed a somewhat variable
evel of dynamin K44A expression. When overex-
ressed to maximal levels, dynamin showed a punc-
ate plasma membrane localization and was also dis-
ributed in internal membranes (Fig. 1E), as described
reviously for HeLa cell K44A dynamin lines (Damke et
l., 1994). Noninduced cells showed little or no label-
ng with 12CA5. Morphologically, the induced cells
ere observed to be less spread out on the coverslip
han noninduced cells and showed a loss of distinct
ctin filaments by phalloidin staining. Whereas nonin-
uced cells showed prominent stress fibers distrib-
ted along the entire cell (Fig. 1C), in K44A dynamin-
xpressing cells actin was redistributed to the cell
eriphery (Fig. 1F), representing an increase in corti-
al actin. Such morphological changes are similar to
revious observations in HeLa cells expressing K44A
ynamin (Damke et al., 1994), indicating that the Mv-1
44A shows essentially the same features as HeLa
ells when overexpressing the mutant dynamin. Some
v-1 K44A cells expressed a lower level of HA-dy-
amin (as qualitatively judged by immunofluorescence
icroscopy). These cells appeared flatter, with dy-
amin distributed evenly through the cytoplasm (not
hown).
orphology of influenza viruses
Influenza viruses can be highly variable in size and
hape, with particles ranging from long filaments
which can be several micrometers in length) to largely
pherical particles (Hayase et al., 1995; Roberts and
ompans, 1998). As the size and shape of the particle
ould have profound effects on the mechanism of virus
ntry, we first analyzed the morphology of our virus
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19DYNAMIN-DEPENDENT INFLUENZA VIRUS ENTRYpreparations by electron microscopy using negative
staining techniques. In accordance with previous stud-
ies of tissue-culture adapted viruses, we found the
particles present in our preparations to be almost
spherical in shape, with sizes ranging between 85 and
120 nm (Fig. 2).
FIG. 1. Expression of K44A dynamin in Mv-1 cells. Cells were induce
8 h (D–F) or were noninduced (A–C). Nuclei are stained with Hoechs
n anti-HA epitope tag antibody 12CA5 (B and E). Actin filaments are
FIG. 2. Negative staining of influenza viruses. Stocks of tissue cul-
ure-derived virus were stained and analyzed by electron microscopy.V
t
our representative images of virus particles found within the prepa-
ation are shown.Binding of influenza virus is not affected by K44A
dynamin expression
The first stage of virus infection is the binding of the
virion to its receptor on the cell surface. To determine
whether expression of dominant-interfering dynamin af-
fected virus binding we radio-labeled influenza virions
with [35S]methionine and analyzed their binding to mono-
ayers of Mv-1 cells incubated on ice. To ensure that we
ere measuring specific virus binding, experiments with
adioactive virus were carried out in the presence of an
xcess of unlabeled virus. It is well established that
ncubation of cells on ice leads to a block in virus inter-
alization without affecting binding (Matlin et al., 1981).
irus binding was essentially identical in Mv-1 cells that
ere noninduced (1 tetracycline) or were induced to
xpress K44A dynamin (2tetracycline) (Fig. 3). We also
ompared the binding of influenza virus to noninduced
v-1 cells with that seen for CHO cells, a cell line more
ommonly used for influenza virus entry studies (Bui et
l., 1996). We found no significant difference in the bind-
ng of influenza to CHO and Mv-1 cells (not shown). We
onclude that overexpression of mutant dynamin (K44A)
as no effect on influenza binding.
ntry of influenza virus into endosomes is blocked by
44A dynamin expression
We next bound virus to cells at a high multiplicity of
nfection on ice and then allowed internalization to pro-
eed for 5 min after rapidly raising the temperature to
7°C. Cells were then analyzed by electron microscopy.
ress K44A dynamin by withdrawal of tetracycline from the medium for
(A and D). Expression of K44A dynamin is visualized by labeling with
with rhodamine-phalloidin (C and F).d to expirions are readily visualized by electron microscopy due
o their electron dense core. Samples were treated with
t
d
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20 ROY ET AL.tannic acid to stain clathrin coats (Maupin and Pollard,
1983). In noninduced cells influenza virus rapidly enters
membrane-bound vesicles within the cell (Figs. 4A–4C).
Some virions remained on the cell surface after the 37°C
shift (Fig. 4A) and were not associated with obviously
coated regions of the plasma membrane. Other virions
were present in small (;150 nm), circular vesicles within
he cytoplasm (Fig. 4B). These vesicles were also pre-
ominantly uncoated, but occasionally virions were
resent within coated vesicles. Often virions were
resent in small groups (2–4 virions per group) in larger,
lliptical vesicles (Fig. 4C). These most probably repre-
ent multivesicular bodies (Matlin et al., 1981)—vesicles
formed by fusion between early endosomes.
In cells expressing dynamin K44A, we saw a quite
different localization of the entering virions. As with non-
induced cells, viruses often remained on the cell surface,
associated with uncoated regions of the plasma mem-
brane. In contrast to noninduced cells, we did not see
virions in uncoated vesicles or multivesicular bodies.
Instead virions were observed in several stages of ar-
rested entry. In some cases virions were visible in deep
pits, obviously connected to the external environment
(Fig. 4D). These pits appeared to have clathrin coats. We
also saw virions in “pear-shaped” structures close to the
plasma membrane (Fig. 4E). These structures most likely
represent very deep, narrow necked pits, connected to
the external environment, in which the neck is out of
FIG. 3. Binding of influenza virus to Mv-1 cells. Radioactive virus was
prepared and bound to the surface of Mv-1 cells on ice. Cells were
induced to express K44A dynamin by withdrawal of tetracycline from
the medium for 48 h (induced K44A) or were noninduced. The amount
of bound virus was determined as a percentage of total virus added to
the cells. Error bars represent the SD for three independent experi-
ments.section in the electron micrograph. More strikingly, we
also observed virions in multilobular, tubular invagina-tions of the plasma membrane that were connected to
the external environment (Figs. 4F and 4G). These tubu-
lar structures had distinctly localized coated areas that
often appeared to be in the process of budding (arrow-
heads, Fig. 4G). In some cases, the tubular structures
contained multiple virus particles (Fig. 4F). Overall, these
experiments show that influenza virus enters aberrant
tubulo-vesicular structures formed from the plasma
membrane in cells expressing dynamin K44A and also
that virus entry is arrested in these cells.
One widely used assay for virus entry relies on the fact
that after entering a cell (either by direct fusion or by
endocytosis) viruses are protected from being cleaved
from the cell surface receptor, generally by proteases—
the protease protection assay (Helenius et al., 1980). For
influenza, neuraminidase is used to strip the unpen-
etrated virus from its sialic acid receptor (Matlin et al.,
1981). We performed experiments in which radiolabeled
influenza virus was bound to cells on ice and shifted to
37°C for various times to induce penetration. Cells were
then treated with neuraminidase to strip the surface of
labeled virus. We were unable to see any obvious differ-
ences in the amount of internalized virus either in K44A
dynamin-induced or non-induced cells (not shown).
However, based on our electron microscopy data, it is
likely that in cells expressing mutant dynamin, the virus
(while still technically on the cell surface) is buried inside
tubular invaginations of the plasma membrane. We be-
lieve therefore, that such virus is protected from the
stripping effect of externally added neuraminidase, so
accounting for the lack of effect of this penetration assay.
Nuclear entry of viral ribonucleoproteins is blocked
by K44A dynamin expression
To further investigate the block in virus entry, we in-
fected Mv-1 cells with a high multiplicity of infection on
ice and then allowed internalization to proceed for 60
min after rapidly raising the temperature to 37°C. Cells
were analyzed by immunofluorescence microscopy in
the presence of cycloheximide (to prevent any produc-
tion of newly synthesized viral protein). By using a highly
specific antinucleoprotein (NP) monoclonal antibody and
a high multiplicity of infection, we could readily observe
the location of the viral ribonucleoproteins (vRNPs)—
principally comprised of NP and the genomic RNA. In
cells kept at 4°C during the course of the experiment, the
vRNPs had a punctate distribution over the cell surface,
indicating that virions had not entered the cells. vRNP
localization was identical in induced and noninduced
cells (not shown).
When we analyzed the nuclear entry of the virus at 60
min p.i., we observed a dramatic difference in the local-
ization of the incoming vRNPs between K44A-dynmain
expressing and nonexpressing cells. In noninduced
cells, the vRNPs were predominantly localized to the
o
m ese tub
o rrowhea
21DYNAMIN-DEPENDENT INFLUENZA VIRUS ENTRYinterior of the nucleus (Fig. 5A panel B), as described
previously (Bui et al., 1996). In contrast, K44A-dynamin
expressing cells showed little or no localization of vRNPs
to the nucleus, and instead the virus remained associ-
ated with the cell surface (Fig. 5A panel E). In Fig. 5A
panel D-F, cells expressing a moderate level of K44A
dynamin (as qualitatively judged by immunofluorescence
microscopy) were chosen because they were flatter that
the highest expressing cells, making nuclear localization
more obvious.
To confirm and extend our finding, we also analyzed
cells expressing high levels of dynamin by confocal mi-
croscopy (Fig. 5B). In these cells, vRNPs are observed as
green punctate areas of the periphery of the cell after a
60-min 37°C shift. Dynamin K44A is also present in the
cell periphery as red fluorescence in accordance with a
FIG. 4. Thin-section electron microscopy of influenza virus internalized
tetracycline from the medium for 48 h (induced K44A) (D–G) or were noni
37°C for 5 min. In noninduced cells, virus was present on the cell surface
found in larger vesicles (C). When cells were induced, virions were prese
r just below the cell surface (E). Occasionally, multiple virions were seen
embrane (F). Distinct areas of heavily coated material were present on th
f the plasma membrane (G), which also showed heavily coated buds (alocalization at the plasma membrane. In Fig. 5B nuclei
are false-colored blue. A merged image shows thatvRNPs and dynamin K44A partially colocalized (as
judged by the presence of yellow areas in the merged
image) at the cell periphery with no evidence for entry of
vRNPs into the nucleus. We also compared the nuclear
entry of vRNPs in noninduced Mv-1 cells to that seen for
CHO cells, a cell line more commonly used for influenza
virus entry studies (Bui et al., 1996). We found that vRNP
nuclear entry was similar in both cell lines with no
significant difference between these cells (not shown).
Overall expression of K44A dynamin resulted in a block
of influenza virus uncoating and nuclear entry.
Replication of influenza virus is inhibited in a dose-
dependent manner by K44A dynamin expression
We next wished to assess the role of dynamin on the
in. Mv-1 cells were induced to express K44A dynamin by withdrawal of
(A–C). Virus was bound in ice for 90 min, and the temperature raised to
ividual virions were internalized into vesicles (B), or multiple virions were
sk-shaped structures obviously connected to the plasma membrane (D)
single membrane tubule, which appeared to be connected to the plasma
ules (arrowheads). Viruses were also visible in multi-lobular invaginations
ds). Virions are indicated with arrows.for 5 m
nduced
(A), ind
nt in fla
within areplication cycle of influenza virus. We first examined the
effect of overexpression of K44A dynamin on the synthe-
K44A w
s/dyna
22 ROY ET AL.sis of an early virus protein, NP. In noninduced cells, NP
was synthesized at high levels and localized exclusively
to the nucleus at 3 h p.i. (Fig. 6D). Cells expressing K44A
dynamin (identified with the polyclonal antibody Y11)
showed a markedly different pattern of replication. In
those cells expressing the highest levels of K44A dy-
namin (as judged by the level and distribution pattern of
HA-tagged dynamin as well as overall cell shape), no NP
expression was detectable at 3 h p.i. (Fig. 6B, arrow).
However, those cells expressing lower levels of K44A
dynamin and still retaining some stress fibers as deter-
mined by rhodamine-phalloidin staining (not shown)
showed that low levels of NP were synthesized, which
were localized to the nucleus (Fig. 6B). These data show
FIG. 5. Entry of vRNPs into the nucleus is blocked by K44A dynam
tetracycline from the medium for 48 h (D–F) or were noninduced (A–C). V
were localized using anti-NP antibodies (B and E). Dynamin K44A was lo
with Hoechst staining (A and D). (B) Confocal microscopy of induced d
60 min. vRNPs were localized using anti-NP antibodies, and dynamin
the DNA stain TO-PRO-3 and false-colored blue. A merged DNA/vRNPthat overexpression of K44A dynamin can block influenza
virus entry and infection but that infection is blocked in adose-dependent manner—those cells with the highest
level of mutant dynamin show the most complete inhibi-
tion, but if cells express lower amounts of dynamin,
some virus entry and infection can apparently proceed.
Expression of a late viral protein is blocked by K44A
dynamin expression
Because of the pronounced effects of K44A dynamin
expression on the early events of influenza infection
(entry into endosomes and initial replication), we wished
to examine the overall effects on productive virus repli-
cation. To address this issue, we analyzed the produc-
tion of a late virus glycoprotein, NA. To examine infection
Mv-1 cells were induced to express K44A dynamin by withdrawal of
as bound for 90 min on ice and shifted to 37°C (A–F) for 60 min. vRNPs
with the anti-HA tag antibody Y11 (C and F), and nuclei were localized
K44A cells. Virus was bound for 90 min on ice and shifted to 37°C for
as localized with the anti-HA tag antibody. Nuclei were localized with
min K44A image is shown in the right panel.in. (A)
irus w
calized
ynaminat this late time point, we infected Mv-1 cells with ;1
pfu/cell influenza virus and washed the cells with low pH
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23DYNAMIN-DEPENDENT INFLUENZA VIRUS ENTRYbuffer after 2 h to arrest further virus internalization.
Although such conditions may lead to fusion of the virus
at the plasma membrane, this does not lead to produc-
tive infection of influenza virus in dynamin K44A Mv-1
cells (A.-M. M. Roy and G.R. Whittaker, unpublished re-
sults). Infection was then allowed to proceed for 8 h at
FIG. 6. Virus infection at early time points is blocked in a dose-
dependent manner by K44A dynamin expression. Mv-1 cells were
induced to express K44A dynamin by withdrawal of tetracycline from
the medium for 48 h (A and B) or were noninduced (C and D). Cells
were then infected with influenza virus for 3 h. Expression of K44A
dynamin was visualized by labeling with an anti-HA epitope tag anti-
body Y11 (A and C). Newly synthesized NP was visualized using an
anti-NP antibody (H16 L10 4R5) (B and D).
FIG. 7. Virus infection at late time points is blocked by K44A dynamin
of tetracycline from the medium for 48 h (D–F) or were noninduced (A–
dynamin was visualized by labeling with an anti-HA epitope tag antibody Y1
antibody (112-10-2R6) (B and E) and nuclei were localized with Hoechst stain7°C. Cells were analyzed by immunofluorescence mi-
roscopy, using a monoclonal antibody specific for NA
nd a polyclonal antibody against the HA-epitope tag.
Noninduced cells showed expression of NA, which
as distributed throughout the internal membranes of
he cell as well as the plasma membrane and showed no
xpression of K44A dynamin (Figs. 7B and 7C). It is
oteworthy that although HA is an influenza virus protein
xpressed at high levels at late times of infection, both
2CA5 and Y11 are highly specific for the HA epitope tag
nd gave no reaction with HA expressed by the WSN
train of influenza used in these studies. In cells induced
o overexpress mutant dynamin, many cells showed
trong labeling with Y11, indicating a high level of dy-
amin K44A expression (Fig. 7F). In these cells, NA
xpression was reduced to background levels (Fig. 7E).
ome cells showed lower induction of K44A as indicated
y little or no labeling with Y11 (Fig. 7F), and in these
ells NA expression occurred to near normal levels (Fig.
E). These data confirm the crucial role of dynamin in
nfluenza entry and infection.
ffect of K44A dynamin expression on influenza virus
nfectivity
To determine whether expression of K44A dynamin
ad any overall effect on virus infectivity, we infected
44A-expressing and -nonexpressing Mv-1 cells with
nfluenza virus. Supernatants were collected from the
nfected cells 12 h after infection and the amount of virus
eleased was assayed by plaque assay (Table 1). In
sion. Mv-1 cells were induced to express K44A dynamin by withdrawal
lls were then infected with influenza virus for 8 h. Expression of K44Aexpres
C). Ce1 (C and F). Newly synthesized NA was visualized using an anti-NA
ing (A and D).
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24 ROY ET AL.nonexpressing cells, virus replication proceeded and
gave high levels of released virus (3.2 3 106 pfu per
plate). In contrast, approximately equal levels of dynamin
K44A-expressing cells showed a marked decrease in
virus infectivity, with a virus titer of only 2.4 3 104 pfu.
These data show that dynamin plays an important role in
influenza virus infectivity.
DISCUSSION
We studied the entry pathway of influenza virus in mink
lung epithelial cells (Mv-1) expressing a dominant-inter-
fering form of dynamin (K44A). These cells were chosen
in part because a natural site of infection of influenza
virus is the lung epithelium, and because mink are one of
the many animal species that become naturally infected
with influenza (Hinshaw, 1999). Dominant-interfering and
temperature-sensitive forms of dynamin have been ex-
pressed in cells by other investigators, but these other
studies have exclusively used HeLa cells (Damke et al.,
1994, 1995b; Baba et al., 1999). These cell lines have
iven valuable information on the entry pathways of a
ariety of viruses (DeTulleo and Kirchausen, 1998; Wang
t al., 1998), but influenza virus is believed to have a
efective entry pathway in HeLa cells (Gujuluva et al.,
994), and so the Mv-1 cells used in this study represent
good cell culture model to a natural influenza infection.
It is well known that most virus particles entering a cell
re not infectious. A virus such as influenza has a low
article:infectivity ratio (in the order of 50:1), and a mor-
hological or biochemical examination of virus entry may
imply measure nonspecific uptake of virus into a “dead-
nd” pathway and not the actual route of infection. We
elieve that influenza virus offers many advantages in
tudying the molecular events during virus entry and
ndocytosis in general. It has been estimated that from
n original particle:infectivity ratio of 50:1, approximately
ne in four virus particles that enter the cell transit to the
ucleus and produce a productive infection (Martin and
elenius, 1991). Considering that influenza virus is inef-
icient in packaging its genome and most virus particles
TABLE 1
Effect of K44A Dynamin Expression on Influenza Virus Infectivity
Virus titer (pfu)
Noninduced 4.6 (60.1) 3 107
Induced (K44A) 3.6 (60.15) 3 105
Note. Mv-1 K44A cells were induced by withdrawal of tetracycline for
8 h or remained uninduced. Approximately equal numbers of cells
5 3 106) were infected with 1 pfu/cell influenza virus and supernatants
harvested 12 h after infection. Supernatants were serially diluted and
analyzed by plaque assay on MDCK cells. Data are the mean of
duplicate experiments.o not contain a complete set of vRNPs, it is likely that
he majority of vRNPs entering the nucleus will be func-ional for replication. It is also known that with anti-
nfluenza NP antisera there is a dramatic increase in the
mmunofluorescence signal after virus penetration from
he endosome but before nuclear uptake (Martin and
elenius, 1991)—caused by exposure of hidden
pitopes during virus uncoating. This means that with
he antisera used in this study, it was very easy to
istinguish the uncoated and productively infecting viri-
ns. The rapid translocation of penetrated virus into the
ucleus (a t1/2 of 33–35 min) means that virus entering the
cell can be visualized directly, both as a function of
fluorescence intensity and cellular location, over a rela-
tively short time period.
The results shown in Fig. 4F show that for K44A cells,
several influenza viruses collected together in a single
endocytic tubule arising from the surface of K44A dy-
namin-expressing cells. This indicates that influenza vi-
ruses may collect together in discrete areas of the
plasma membrane prior to endocytosis. We suggest that
in wild-type cells, these viruses would each be pinched
off into individual coated vesicles but that in mutant cells,
the defective dynamin cannot pinch off the vesicles, and
so the viruses remain in a single tubule. Such concen-
trated foci of plasma membranes, termed endocytic “hot
spots,” have been identified in shibire flies (Estes et al.,
1996) and the presence of these “hot spots” suggest that
endocytosis may preferentially occur through these dis-
crete regions of the plasma membrane. In live cells,
multiple coated vesicles have also been seen to ema-
nate from a single pit and to form repeatedly at defined
sites—again suggesting defined hot spots of endocyto-
sis (Gaidarov et al., 1999).
In this paper, we examined the entry, infection and
replication of influenza virus at multiple points in its life
cycle and so were able to monitor the effect of dynamin
in detail. Other studies on the role of dynamin during
virus entry have only monitored expression of virus gly-
coproteins late in infection (DeTulleo and Kirchausen,
1998). These authors concluded that many viruses are
dynamin dependent for entry due to a requirement for
clathrin-mediated endocytosis. The only virus identified
that was dynamin independent is poliovirus. Why this
virus is unusual is not clear. It shows no obvious features
to make it distinct from the dynamin-dependent viruses
and in fact is quite similar in structure and biology to the
rhinoviruses (which were shown to be dynamin sensi-
tive).
Dynamin is now known to comprise a large family of
proteins with diverse effects on a number of different
membrane trafficking events (Urrutia et al., 1997). In ad-
dition to their established role in clathrin-mediated en-
docytosis, dynamins are known to affect other endocytic
pathways, such as production of caveolae (Henley et al.,
1998) and toxin entry (Llorente et al., 1998). However,
studies using the K44A mutants of dynamin have clearly
shown a selective block of clathrin-mediated endocyto-
e
m
m
a
n
f
r
c
m
d
f
t
n
n
v
a
b
o
l
(
v
t
i
t
i
6
w
D
25DYNAMIN-DEPENDENT INFLUENZA VIRUS ENTRYsis compared to non-clathrin-mediated pathways
(Damke et al., 1994). Although studies of dominant-inter-
fering dynamin mutants may not be able to absolutely
distinguish between different routes of endocytosis, they
can give valuable information on the use of clathrin-
mediated vs non-clathrin-mediated pathways. For Sem-
liki Forest virus, a requirement for clathrin was shown by
microinjection of anti-clathrin antibodies (Doxsey et al.,
1987), but at present these studies have not been ex-
tended to other viruses.
In our experiments involving glycoprotein expression
and virus yield carried out at late times of infection, it
should be noted that cells are washed 2 h after infection
with low pH buffer. This was necessary to reduce back-
ground signal from unpenetrated virus. In accordance
with studies on Semliki Forest virus and vesicular sto-
matitis virus (VSV) in CHO cells and avian influenza virus
and VSV in MDCK cells (Matlin et al., 1981, 1982; Marsh
and Bron, 1997), we believe that productive infection of
influenza fused at the cell surface cannot occur in cells
that contain high levels of cortical actin. In the case of
dynamin-K44A-expressing cells, our observation that
cortical actin increases with high levels of mutant dy-
namin expression means that the cortical actin barrier
will be increased in these cells, leading to even an
greater barrier to entry at the cell surface. As discussed
by Marsh and Bron (1997), the reasons for this are that an
endosomal routing of entering viruses has functions
above and beyond simple acidification and is needed for
correct cytoplasmic routing and passage through the
cortical actin present in the cell periphery.
Our experimental design does, however, effectively
eliminate any virus that has bound to cells but not been
internalized by 2 h p.i. If, for instance, K44A dynamin
simply slowed down the rate of endocytosis rather than
preventing it entirely, any slowly entering virus would not
be able to infect the cells following a low pH wash. In
addition, in light of the known effects of dynamin on
trafficking from the trans-Golgi network to the plasma
membrane (Jones et al., 1998), we cannot exclude an
ffect of K44A dynamin on membrane trafficking that
ight affect budding of infectious virus from the plasma
embrane.
In the data presented, here it is apparent that despite
significant drop in virus titer, expression of K44A dy-
amin does not give an absolute block of influenza in-
ection. This is most likely because induced cells often
epresent a somewhat heterogeneous population of
ells expressing differing levels of dynamin, with the
inority of cells expressing little or no expression of
ynamin K44A, so escaping the dominant-interfering ef-
ect of the mutant protein. In addition, we cannot exclude
he possibility that virus entry is rerouted into an alter-
ative pathway in cells expressing high levels of dy-
amin K44A. One possibility would be that the route of
irus entry is shifted from a clathrin-mediated pathway tonon-clathrin-mediated pathway (which is not blocked
y dynamin K44A). It is interesting to note that blockage
f clathrin-mediated uptake with mutant dynamin can
ead to the upregulation of other endocytic pathways
Damke et al., 1995a). Alternatively, an escape of the
irus from the dynamin-K44A-mediated block to endocy-
osis may be due the kinetic nature of the block. Other
nvestigators using K44A-expressing cells have found
ransferrin and epidermal growth factor sequestration
nto coated pits and vesicles to be inhibited by 80 and
0%, respectively, and have estimated that endocytosis
as reduced to ;2.5%/min (van der Bliek et al., 1993;
amke et al., 1994). A virus infection, with a massive
amplification of protein expression late in infection, may
well escape a kinetic block, despite a major inhibition of
virus entry. The study of virus entry using cell biological
techniques demands a concerted effort and the applica-
tion of rigorous entry assays. Future experiments using
dynamin or other cellular molecules crucial for endocy-
tosis will help define the endocytic route of entry for
influenza and allow us to study other viruses that still
have unknown entry mechanisms.
MATERIALS AND METHODS
Cells and viruses
Cell culture. Mink lung epithelial cells that stably ex-
press the tetracycline-responsive transactivator (tTA-
Mv1Lu cells) were kindly provided by Dr. Joan Mas-
sague, Sloan Kettering Cancer Center (Reynisdottir et al.,
1995). A cell line that inducibly expresses a dominant
inhibitory mutant of dynamin-1 (Mv1-K44A) was created
by transfecting tTA-Mv1Lu cells with plasmid pUHD10–3
HA-ele1 (obtained from Dr. Sandra Schmid, Scripps Re-
search Institute), which expresses a dominant interfering
mutant of dynamin-1 (K44A) together with the puromycin
resistance plasmid, pBSpac. Details of the cloning and
characterization of the Mv1-K44A cell line will be de-
scribed elsewhere (J. Parker and C. Parrish, manuscript
in preparation). tTA-Mv1Lu cells were also generated
that overexpressed wild-type dynamin1. These cells
showed no obvious differences when compared to un-
induced Mv-1 K44A cells (J. Parker and C. Parrish, manu-
script in preparation). Mv1-K44A cells were passaged
twice weekly and maintained in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% fetal bovine
serum (FBS), 100 U/ml penicillin, 10 mg/ml streptomycin,
400 mg/ml G418, 600 ng/ml puromycin, and 2 mg/ml
tetracycline. Mv-1 cells have recently been reported to
be susceptible to all strains of influenza virus tested
(Schultz-Cherry et al., 1998).
Virus infections. Influenza A virus (strain WSN) (Whit-
taker et al.,1995) was used for all experiments. Stocks of
virus were prepared from the supernatant of Madin-
Darby bovine kidney (MDBK) cells and plaque titered on
MDCK cells. For virus infection, stocks were diluted in
h
t
r
w
V
c
p
(
a
t
I
s
B
f
m
b
p
m
t
v
p
e
m
t
d
(
H
G
I
a
R
t
a
M
T
26 ROY ET AL.RPMI 1680 medium containing 0.2% BSA and buffered to
pH 6.8 with HEPES (RPMI–BSA), and virus adsorbed for
60 min (at 37°C) or for 90 min (at 0°C). The cells were
then washed and maintained in Mv-1 gowth medium
containing 2% FBS.
Production of radioactive virus. MDBK cells were in-
fected with 1–5 pfu/cell influenza virus, and 167 mCi/ml
35S pro-mix (Amersham) was added at 6 h p.i. Virus was
arvested from the supernatant at 20 h p.i. and concen-
rated on a 30–60% sucrose step gradient. The peak
adioactive fractions containing virus (;1 3 104 cpm/ml)
ere pooled, and stored at 280°C.
irus binding assay
Approximately 1 3 105 cells were washed with ice-
old RPMI–BSA and prechilled for 15 min on ice, and ;1
fu/cell influenza virus was bound. Radioactive virus
5 3 104 cpm) was mixed with unlabeled virus (in RPMI–
BSA) to give the desired multiplicity of infection. Cells
were incubated on ice for 90 min and washed exten-
sively with RPMI–BSA to remove unbound virus. Cells
were then lysed in SDS–PAGE sample buffer, and radio-
activity was determined by scintillation counting.
Assay of virus infectivity
Mv-1 K44A cells were induced for 48 h by addition of
2 mg/ml tetracycline or were uninduced. Cells were then
infected with influenza virus (;1pfu/cell) in RPMI, pH 6.8,
0.2% BSA, 10 mM HEPES, and virus was allowed to
adsorb at 37°C for 60 min. Cells were washed and
incubated in DMEM, 2% FBS containing G418, and puro-
mycin 6 tetracycline. Following incubation for an addi-
tional 60 min at 37°C, the media was removed and the
cells washed with 0.1 M glycine, 0.1M NaCl pH 3.0 for 1
min to remove any uninternalized virus. The cells were
then incubated once more in DMEM, 2% FBS containing
G418, and puromycin 6 tetracycline and infection al-
lowed to proceed until 12 h p.i. Viral supernatants were
then collected and stored at 280°C.
To quantitate the amount of virus released, superna-
tants were serially diluted in RPMI, 0.2% BSA, and 10 mM
HEPES and adsorbed to a confluent monolayer of MDCK
cells in a six-well plate for 60 min at 37°C. The cells were
then rinsed with RPMI and media replaced with DMEM,
0.2% BSA, 2 mg/ml TPCK-trypsin, including 1% agarose,
nd incubated at 37°C for 24 h to permit plaque forma-
ion.
ndirect immunofluorescence microscopy
Immunofluorescence microscopy was carried out es-
entially as described previously (Whittaker et al., 1995).
riefly, cells were fixed with 3% paraformaldehyde in PBS
or 15 min, quenched with 50 mM NH4Cl/PBS, and per-
eabilized for 5 min with 0.1% Triton X-100/PBS. After
locking in 10% goat serum, cells were incubated with
m
2rimary and secondary antibodies for 30 min each and
ounted in Mowiol. HA-tagged K44A dynamin was de-
ected using the monoclonal 12CA5 antibody (kindly pro-
ided by Dr Jun-Lin Guan, Cornell University) or with the
olyclonal antibody Y11 (Santa Cruz Biochemicals). Influ-
nza virus nucleoprotein (NP) was detected using the
onoclonal antibody H10, L16–4R5 (American Type Cul-
ure Collection). Influenza virus neuraminidase (NA) was
etected using the monoclonal antibody H17, L17–5R17
kindly provided by Dr. J. Yewdell, National Institutes of
ealth). As secondary antibodies, we used Oregon
reen 514-labeled goat anti-mouse and goat anti-rabbit
gG (Molecular Probes), and Texas Red labeled goat
nti-rabbit and goat anti-mouse IgG (Molecular Probes).
hodamine-phalloidin (Sigma) was used at a concentra-
ion of 10 mg/ml, and Hoechst 33258 (Molecular Probes)
was used at a concentration of 1 mg/ml. Cells were
viewed using a Zeiss Axioplan 2 fluorescence micro-
scope fitted with a 340 or 363 objective lens, and
images were captured with SensiCam SVGA CCD cam-
era (Cooke Corp.) using Slide Book software (Intelligent
Imaging Innovations Inc.) before being transferred into
Adobe Photoshop.
Confocal microscopy
Confocal microscopy was performed using an Olym-
pus FluoView confocal station. Samples were fixed and
incubated with monoclonal anti-NP and polyclonal
anti-HA tag, and primary and secondary antibodies as
described above. Oregon Green 514 and Texas Red were
excited with the 488 nm line of an Argon laser. DNA was
stained for 10 min at room temperature with 2 mg/ml
TO-PRO-3 (Molecular Probes) and excited with the 647
nm line of a Krypton laser. Cells were viewed with a 360
objective lens and images were captured with FluoView
software (Olympus) before being transferred into Adobe
Photoshop.
Electron microscopy
For negative staining of virus particles, samples were
fixed for 10 min with 2% gluteraldehyde, 2% paraformal-
dehyde in sodium cacodylate buffer pH 6.8 and a Form-
var/carbon coated grid inverted onto the sample for 2
min. The grid was stained with 2% phosphotungstic acid
for 30 s and excess stain blotted away, and the grid was
air dried for 30 min.
For thin sectioning, cell monolayers were washed with
PBS and fixed in 1% glutaraldehyde in 100 mM sodium
phosphate buffer (pH 7.0), containing 50 mM KCl, 5 mM
MgCl2, 2 mg/ml Saponin, and 2 mg/ml tannic acid for 1 h
t room temperature (Simionescu and Simionescu, 1976;
aupin and Pollard, 1983). Cells were scraped with a
eflon blade, centrifuged at 2000 rpm for 5 min in a
icrofuge and washed three times for 5 min each with
00 mM sodium cacodylate buffer. Cell pellets were post
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27DYNAMIN-DEPENDENT INFLUENZA VIRUS ENTRYfixed with 2% osmium tetroxide in 100 mM sodium caco-
dylate buffer for 1 h on ice, washed three times 5 min
each with water and then for 5 min with 50 mM sodium
maleate buffer, pH 5.2. Pellets were en bloc stained with
1% uranyl acetate in 50 mM maleate buffer for 1 h at
room temperature, washed three times 5 min each with
water and dehydrated with a series of ethanols (70%
ethanol, three times 5 min; 95% ethanol, three times 5
min; 100% ethanol, three times 10 min). Ethanol was
replaced with acetone for two times 5 min and then fresh
acetone for 20 min. Pellets were infused overnight with
epoxy resin: acetone in a 1:1 ratio and acetone evapo-
rated out. Samples were incubated at 60°C overnight to
polymerize the resin. Ultrathin sections were cut and
stained with 3% uranyl acetate and Reynold’s lead ci-
trate. Electron microscopy was performed on a Philips
EM 201 microscope.
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